Abstract Ammonia monooxygenase encoding mRNA (amoA mRNA) transcription in the wastewater treatment process was investigated using reverse transcription PCR (RT-PCR) as the model indicating specific function and activity in nitrifying processes. The dynamic response of amoA mRNA transcription and ammonia-oxidizing activity to the change of environmental conditions such as pH and concentration of ammonia was examined to determine the inductive factor and the inhibitor for amoA mRNA expression. Furthermore, we semiquantitatively investigated the response of amoA mRNA transcription to the pH fluctuation in a continuous fed nitrifying reactor. As a result, amoA mRNA oriented analysis enabled real-time assay of ammonia-oxidizing activity within 2 h as a response time. In contrast, rRNA and amoA encoding DNA were constantly detected at almost the same amount throughout the experiment. mRNA transcription was regulated by the many environmental conditions: ammonia seems to be one of the strong inducers for transcription of amoA mRNA, whereas low pH seems to be a strong inhibitor. These factors simultaneously affected the mRNA transcription and enzymatic activity leading to the complex phenomena of ammoniaoxidizing activity and amoA mRNA transcription in the continuous feeding reactors.
Introduction
The recent development of molecular biological techniques such as FISH and PCR techniques enabled us to overcome the limitations of traditional techniques based on cultivation for analyzing the microbial community in the wastewater treatment process. These techniques are very useful to analyze phylogenetical identification and quantification of specific bacteria in natural environment and engineered systems. However, DNA or rRNA based analysis gives us little information of specific activity and real-time response to the change of environmental conditions in a microbial community. In contrast, mRNA oriented techniques might be one of the best indicators of living cells or specific activity in a complex microbial community because mRNA is turned over rapidly in living bacterial cells, with most mRNA species having a half-life of only a few minutes. Therefore, mRNA oriented techniques enable real-time assay of specific function and activity of bacteria in complex microbial communities such as wastewater treatment processes. Furthermore, the information gained by mRNA oriented techniques might be effective to apply to optimization of wastewater treatment process operation. In this study, ammonia monooxygenase encoding mRNA (amoA mRNA) transcription in the biofilm in the wastewater treatment process was investigated to apply to real-time monitoring of ammonia-oxidizing activity. The dynamic response of amoA mRNA transcription and ammonia-oxidizing activity to the change of environmental conditions such as pH and concentration of ammonia was examined by RT-PCR and compared to the response of the rRNA (16S rRNA) and amoA DNA. The response of amoA mRNA transcription to the pH fluctuation in a continuous fed nitrifying reactor was semiquantitatively investigated.
Methods

Batch experiment
Nitrifying biofilms with about 200 µm were prepared in a fluidized bed of the wastewater treatment system according to the original tailoring method which had been established in our previous study (Tsuneda et al., 2000) . Biofilms were sampled from the fluidized bed reactor where inorganic substrate containing 600 g/m 3 of ammonia was continuously fed. Immediately after sampling, the biofilms were placed in the pure water for a few days to be exposed to ammonia starvation. Then, the biofilms were exposed to inorganic substrate solution containing 370 g/m 3 of ammonia. Concentrations of ammonia, nitrite and nitrate were measured simultaneously with RNA and DNA extraction at the time of 0 h (t 1 : sampling from the fluidized bed reactor), 24 h (t 2 ), and 72 h (t 3 : transferring into the ammoniacontaining-substrate) under the ammonia-free condition, and 24 h (t 4 ) and 72 h (t 5 ) in the ammonia-containing substrate.
In the second experiment, to monitor short-time-dependent response, mRNA and rRNA were extracted at the times 0 h (T 1 ), 2 h (T 2 ), 4 h (T 3 ), 6 h (T 4 ) and 8 h (T 5 ) after biofilms were transferred into the ammonia-substrate solution. NH 4 + -N, NO 2 --N and NO 3 --N were measured in both experiments.
Continuous experiment
The same reactor where inorganic substrate containing 600 g/m 3 of ammonia was continuously fed with controlling pH at 7.5 was used in the continuous experiment. First, pH in the reactor was decreased down to 5.5 by stopping the pH control. Then, 6 h after stopping the pH control, pH was adjusted to 7.5 again by adding NaHCO 3 and maintained at 7.5. mRNA and DNA were semiquantified at the times of 0 h, 2 h, 4 h, 6 h, 8 h and 24 h from the start of the experiment. NH 4 + -N, NO 2 --N and NO 3 --N were measured.
RT-PCR
Reverse transcription and subsequent amplification were performed to detect amoA mRNA and rRNA. For detection of rRNA, the primer sets targeting all bacteria (EUB341f-Univ518r) and ammonia-oxidizing bacteria (CTO189f-CTO654r) (Kowalchuk et al., 1997) in the signature region of 16S rRNA were used for long-and short-time-dependent batch experiments, respectively. The primer set amoA1F-amoA2R (McTavish et al., 1993) was used for amplification of amoA mRNA and DNA in the batch experiment and continuous experiment. Amplified products were electrophoresed in agarose gel containing ethidium bromide, and subsequently, semiquantified by measuring the intensity of bands using the image analysis software.
Results and discussion Figure 1a shows the long-time-dependent changes of amoA mRNA, 16S rRNA and amoA DNA in the batch experiment. The amount of RT-PCR products at each time was analyzed based on the relative intensity of bands electrophoresis in agarose gels stained by ethidium bromide. At the time 0 h in the ammonia-free condition (t 1 : just after sampling from the fluidized bed reactor) amoA mRNA was detected. Almost the same amount of amoA mRNA was also detected after 24 h starvation (t 2 ). However, amoA mRNA was hardly detected after 72 h starvation (t 3 ). After 24 h incubation in an ammonia-containing-substrate (t 4 ), the signal of amoA mRNA strongly appeared in response to the increase of ammonia concentration. Then the signal of amoA mRNA became weak again after 72 h incubation in ammonia-containing-substrate (t 5 ). In contrast, rRNA and amoA encoding DNA were constantly detected at almost the same amount throughout the experiment. Figure 1b shows relative intensity of the band as the relative amount of mRNA and concentrations of ammonia, nitrite and nitrate at each time (T 3 , T 4 and T 4 ). Ammonia oxidation occurred in the first 24 h incubation in the ammonia medium (t 4 ). From 24 h (t 4 ) to 72 h (t 5 ) ammonia oxidation hardly occurred probably because pH of the medium decreased to 5. These results indicate that mRNA based detection of bacterial activity reflects the actual ammonia-oxidizing activity much more sensitively than other gene expression, such as rRNA and DNA. Figure 2a shows the short-time-dependent change of amoA mRNA in the batch experiment. At 0 h (T 1 : just after 72 h starvation) mRNA was hardly detected whereas mRNA was clearly detected after 2 h incubation in the ammonia-containing-substrate (t 2 ). The relative intensity of the band (amount of mRNA) at t 2 increased over 5 times as much as that at t 1 . The relative intensity further increased at the time of t 3 , t 4 and t 5 , though its increasing rate was lower than that during t 1 -t 2 (Figure 2b ). In contrast, both the ammonia oxidation rate (Figure 2b ) and detected intensity of rRNA (data not shown) were almost the same throughout the experiment. This result indicates that amount of mRNA transcription increased rapidly enough to be detected at the time within 2 h in response to the change of the environmental conditions. Amount of amoA mRNA transcription in the continuous feeding reactor decreased in response to the pH reduction at the time of 2 h after pH control was stopped (τ2) (Figure 3) . Concentration of ammonia gradually increased because ammonia-oxidizing activity was inhibited by the low pH condition. At the time of τ3 and τ4, amount of amoA mRNA increased despite inhibition of ammonia-oxidizing activity, probably because mRNA T4  T5  RNA  rRNA  DNA  T1 T2 T3 T4 T5 T1 T2 T3 T4 T5 T1 T2 T3 T4 T5 Figure 1a Long-time-dependent changes of amoA mRNA, 16S rRNA and amoA DNA. t 1 : 0 h ammonia starvation, t 2 : 24 h ammonia starvation, t 3 : 72 h ammonia starvation, t 4 : 24 h incubation in ammonia substrate, t 5 : 72 h incubation in ammonia-containing-substrate * Relative intensities of each band were measured and calculated using image analyzing software with the intensity of the band at T 3 as a standard transcription might be promoted by high concentration of ammonia whereas low pH condition might be an inhibiter of amoA mRNA transcription. Then, 2 h after the pH increased again to 7.5 (τ5), the amount of amoA mRNA transcription was remarkably increased because high concentration of ammonia and suitable pH conditions might be both strong inductive factors for amoA mRNA transcription. The amount of amoA mRNA at τ5 was 3 times higher than that at τ1. The amount of amoA mRNA in the continuous feeding reactor was relatively low (τ1 and τ6) because substrate (ammonia) that might be a strong inducer of amoA mRNA was kept at a low concentration in normal operating conditions. These results indicate that there are many factors regulating amoA mRNA transcription such as ammonia and pH in wastewater treatment process. These regulators affect simultaneously the amoA mRNA transcription leading to the complex phenomena of actual nitrifying activity.
Conclusion
amoA mRNA oriented analysis enabled real-time assay of ammonia-oxidizing activity within 2 h as a response time, whereas rRNA and amoA encoding DNA were constantly detected at almost the same amount. mRNA transcription was regulated by many environmental conditions: ammonia seems to be one of the strong inducers for transcription of amoA mRNA, whereas low pH seems to be a strong inhibitor. These factors simultaneously affected the mRNA transcription and enzymatic activity leading to the complex phenomena of ammonia-oxidizing activity and amoA mRNA transcription in the continuous feeding reactors. 
